Genetic population structure and connectivity of Azorean limpets by Faria, João et al.
ABSTRACT There is growing consensus that anthropogenic activities significantly disrupt the structure and functioning of marine ecosystems. Oceanic islands such as the Azores (NE Atlantic) are unique habitats with fragile 
communities, which are highly susceptible to degradation and ecosystem disruption. Patellid limpets have traditionally been collected as a food resource and in 1988 the limpet fishery in São Miguel Island collapsed, after which a 
one-year ban was implemented allowing the stocks to recover and avoiding catastrophic overexploitation effects. In 1993, legislation was passed to protect this resource, i.e. limpet no-take areas were created, seasonal harvesting 
restrictions were applied and minimum legal catch sizes were established. However, a recent survey has shown that limpet populations still show clear signs of overexploitation and some populations are virtually extinct in some 
islands. Here we have developed new multiplexed and described microsatellite markers for the species Patella aspera and P. candei and have examined their genetic diversity, gene flow and population connectivity in the Azores 
Archipelago. Overall, such information is a fundamental asset to inform conservation strategies and to promote the sustainable exploitation of Macaronesian limpets. !
GENETIC POPULATION STRUCTURE AND CONNECTIVITY OF AZOREAN LIMPETS 
 
 
J Faria1, P Presa2, GM Martins1, P Ribeiro3, AI Neto1"
!
!"#$$%&'(#$%&'")"$*+,-./01/23/*4-5"#,*+-,"67"%4-/*,"4*."8*9/-6*:,*+43"',0,4-1;<"=*/9,-0/+5"67">6-+6<"'?4".60"@-4A40"BCD<"EFGF)!BH">6-+6<">6-+?A43I"
#,*+,-"76-"',0,4-1;"/*"J4+?-43"',06?-1,0"K#$'JL<"=*/9,-0/+5"67"&M6-,0<"DGF!)CF!">6*+4"N,3A4.4<">6-+?A43"
"B"=*/9,-0/+5"67"O/A6P"Q41P"%4-/*,"R1/,*1,0<"S4TP"%4-/*,"U,*,V1"',06?-1,0<"HWH!F"O/A6<"R24/*"
"H"$%&'"4*."N,24-+:,*+"67"X1,4*6A-42;5"4*."Q/0;,-/,0"KNX>L<"=*/9,-0/+5"67"&M6-,0<"DDF!)CWB"Y6-+4<">6-+?A43"
"
!
METHODS"
• Novel microsatellite markers were described for P. aspera and P. candei using 454 next-generation sequencing.!
• A total of 790 of P. aspera were collected in Azores (all islands). Additional samples were taken from Canary islands (n=30) and mainland Europe 
(n=49) (the later identified as the most recent ancestral species P. ulyssiponensis). Similarly, 902 samples of P. candei were obtained from all islands in 
Azores (these samples are still being genotyped, so results will only be referred to P. aspera).!
• Genotypes of all samples of P. aspera for 17 microsatellites were scored using GENEMAPPERTM v.4.2 (Applied Biosystems).!
• Allele frequencies and observed (HO) and expected heterozygosity (HE) were estimated in GenAlEx (Peakall and Smouse 2006). Allelic richness [Ar(g)] were estimated using the rarefaction method implemented in ADZE (Szpiech et al. 2008). Linkage disequilibrium, inbreeding coefficients (FIS) and deviations from the Hardy-Weinberg equilibrium (HWE) were tested in GENEPOP (Raymond and Rousset 1995).!
• The presence and frequency of  null  alleles  was tested for  each locus using MICROCHECKER (van Oosterhout  et  al.  2004).  The IIM approach 
(individual inbreeding model) was used in INEST (Chybicki and Burczyk 2009) to partition out the influence of null alleles on FISvalues.!
• Unbiased FST values were obtained using FREENA (Chapuis and Estoup 2007). Population structure was also analyzed using the Bayesian model-based clustering approach implemented in STRUCTURE (Pritchard et al., 2000), using prior population information. Selection of the most likely number of 
genetic clusters (K) was based on the Evanno et al. (2005) method.!
• Analysis of molecular variance (AMOVA) was used to partition total molecular variance using ARLEQUIN (Excoffier et al. 1992), on groups identified 
by STRUCTURE analysis. !
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Patella aspera (RÖDING, 1798) 
Distribution: Azores, Madeira, Selvagens, the Canarias, and North of Africa.!
Habitat: Rocky shores, lower intertidal and sublittoral zones.!
Description: The conical shell is light in colour and structurally strong, exhibiting thick and irregular margins. The underside of 
the muscular foot is yellowish.!
Reproduction: P. aspera is a protandrous species. Organisms start off as male but many change to female as they age. This means 
that there are two types of males, permanent males and temporary (protandric) ones.!
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Patella candei (d’ORBIGNY, 1839) 
Distribution: Endemic to Macaronesia archipelagos with different subspecies!
Habitat: Rocky shores, intertidal and shallow sublittoral zones.!
Description: The conical  dark shell  has regular margins,  and is  smoother and thinner than P. aspera.  The underside of the 
muscular body (foot) on which the limpet moves around is dark grey.!
Reproduction: P. candei is a gonochoric species, meaning that individuals do not change sex throughout their lifes. Spawning 
occurs around the year but it is thought to peak during Autumn/Winter.!
Table 1. Multilocus genetic diversity for Patella aspera. !
RESULTS"
Table 3. Analysis of molecular variance (AMOVA) for K=2.!
Table 2. Pairwise estimates of unbiased FST among all populations sampled for Patella spp.!
• Genetic diversity was affected by the presence of null alleles in many of the loci and populations tested (Table 1); Yet, unbiased 
FIS values show that homozygote excess may be a consequence of actual inbreeding between individuals and populations. In 
fact, it is thought that only a relatively small reproductive population size exists in the Azores, as a consequence of the high 
levels of human-exploitation. !
• No evidence of genetic differentiation among islands in the archipelago of Azores was found for P. aspera (Table 2; Table 3).!
• As expected,  and also  supported  by previous  studies  using mtDNA (Sá-Pinto  et  al.  2008),  P.  aspera from the  islands  is 
separated from its close-related species P. ulyssiponensis of the mainland (LISBOA at ~1400km), with some loci failing to amplify 
correctly (Table 2; Table 3; Table 4). P. ulyssiponensis is known to be the most-recent ancestral of P. aspera.!
• Although  unbiased  pairwise  FST  estimates  support  a  small  differentiation  between  Azores  populations  and  Canarias,  the 
STRUCTURE analysis did not provide the same result. When excluding P. ulyssiponensis from the analysis, STRUCTURE 
reveals differentiation between Azores and Canarias populations, as supported by the unbiased FST estimates, which would be 
expected due to the geographical distance between archipelagos (~2200km).!
CONCLUSIONS"
• This study is part of an ongoing research project focusing on the conservation of limpet 
species  in the Azores (www.patelgene.com),  but  also including other  exploited patellids 
from the Macaronesian archipelagos (Canarias, Madeira and Cape Verde).!
• A similar approach is also being used for the P. candei complex (ongoing genotyping), a 
species  showing  a  high  level  of  morphological  diversity  among  and  within  the 
Macaronesian archipelagos.!
• Spatial and temporal patterns of limpet recruitment are also being examined in parallel. !
ONGOING RESEARCH"
Table 4. STRUCTURE analysis in P. aspera for K=2 (most likely K under Evanno’s method)!
